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The scale of community structure: habitat variation and avian
guilds in tropical forest understory
Abstract
Both local and regional habitat characteristics influence species richness and community structure. The
scale at which communities are studied, however, affects the detection of relationships between habitat
characteristics and patterns of habitat selection, species diversity, and species composition, and may
obscure observation of differences in how species perceive the scale of environmental variation. To
determine how environmental variation at different scales is related to species occurrence and richness, I
analyze mist net sampling data on several guilds of forest understory birds. Bird capture, vegetation, and
physical environment data come from 23 0.5-ha study sites in primary and secondary forest in
Amazonian Ecuador. The percentages of primary forest within concentric circles around each site form
forest imbeddedness measures (FIMs), which are evaluated using satellite imagery. Variation in FIM
size represents different measurement scales for determining forest cover. Primary forest cover is also
analyzed in successively larger tori surrounding sites and is used, after variable reduction with Principal
Components Analysis, to summarize variation in forest cover around sites. Linear regression, surface
trend analysis, and ordination help to quantify how variation in guild composition and species richness
is explained by forest cover, vegetation structure, and physical environment. Species composition is
related to variation in primary forest cover, primarily within 200-600 m of study sites. Canonical
Correspondence Analysis (CCA) indicates that nectarivores, shrub-layer frugivores, and ant-following
birds are captured in areas with relatively low primary forest cover. In contrast, shrub-layer insectivores,
shrub-layer omnivores, and birds probing dead foliage for large insects tend to be captured in areas of
relatively high primary forest cover. The species richness of insect gleaners, ant followers, and
omnivores is statistically related to the percent cover of primary forest within hundreds of meters from
the study sites. This suggests that some mechanisms that influence guild composition act over
substantial distances. Nonetheless, the small radii of FIMs related to the species richness of dead-leaf
probers suggests that local conditions and variation in forest cover over short (<200 m) distances
directly or indirectly influence species richness of some primary forest birds. The significant
relationship between temperature variation among capture sites and species richness of ant-following
birds suggests that these species choose among habitats in a temperature range at which physiological
constraints operate, either directly on the birds themselves or on the ants they follow. Species richness
within the nectarivores, in contrast, shows no relationship with large-scale variation in primary forest
cover. The radius of the FIM most closely associated with species richness differs among guilds, which
suggests variation in the scale at which forest cover is associated with guild structure, as well as
variation in the strength of the association. Differences in the scale of relationships between
environment and species richness among guilds suggest that the mechanisms that influence both species'
habitat use and community structure differ among guilds. A single mechanism, operating at a single
scale, is inconsistent with these patterns.
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THE SCALE OF COMMUNITY STRUCTURE: HABITAT VARIATION AND
AVIAN GUILDS IN TROPICAL FOREST UNDERSTORY
PETER B. PEARMAN1
Center for Conservation Biology, Stanford University, Stanford, California 94305 USA
Abstract. Both local and regional habitat characteristics influence species richness and
community structure. The scale at which communities are studied, however, affects the
detection of relationships between habitat characteristics and patterns of habitat selection,
species diversity, and species composition, and may obscure observation of differences in
how species perceive the scale of environmental variation. To determine how environmental
variation at different scales is related to species occurrence and richness, I analyze mist
net sampling data on several guilds of forest understory birds. Bird capture, vegetation,
and physical environment data come from 23 0.5-ha study sites in primary and secondary
forest in Amazonian Ecuador. The percentages of primary forest within concentric circles
around each site form forest imbeddedness measures (FIMs), which are evaluated using
satellite imagery. Variation in FIM size represents different measurement scales for deter-
mining forest cover. Primary forest cover is also analyzed in successively larger tori sur-
rounding sites and is used, after variable reduction with Principal Components Analysis,
to summarize variation in forest cover around sites. Linear regression, surface trend analysis,
and ordination help to quantify how variation in guild composition and species richness is
explained by forest cover, vegetation structure, and physical environment.
Species composition is related to variation in primary forest cover, primarily within 200–
600 m of study sites. Canonical Correspondence Analysis (CCA) indicates that nectarivores,
shrub-layer frugivores, and ant-following birds are captured in areas with relatively low
primary forest cover. In contrast, shrub-layer insectivores, shrub-layer omnivores, and birds
probing dead foliage for large insects tend to be captured in areas of relatively high primary
forest cover. The species richness of insect gleaners, ant followers, and omnivores is statis-
tically related to the percent cover of primary forest within hundreds of meters from the
study sites. This suggests that some mechanisms that influence guild composition act over
substantial distances. Nonetheless, the small radii of FIMs related to the species richness of
dead-leaf probers suggests that local conditions and variation in forest cover over short (,200
m) distances directly or indirectly influence species richness of some primary forest birds.
The significant relationship between temperature variation among capture sites and species
richness of ant-following birds suggests that these species choose among habitats in a tem-
perature range at which physiological constraints operate, either directly on the birds them-
selves or on the ants they follow. Species richness within the nectarivores, in contrast, shows
no relationship with large-scale variation in primary forest cover.
The radius of the FIM most closely associated with species richness differs among
guilds, which suggests variation in the scale at which forest cover is associated with guild
structure, as well as variation in the strength of the association. Differences in the scale of
relationships between environment and species richness among guilds suggest that the
mechanisms that influence both species’ habitat use and community structure differ among
guilds. A single mechanism, operating at a single scale, is inconsistent with these patterns.
Independent data from eight additional sites suggest that prediction of species richness
from surrounding forest structure could be useful for managing human impacts on tropical
avian communities.
Key words: antbirds; avian guilds; Ecuador; foliage gleaner; frugivore; habitat selection; in-
sectivore; landscape; remote sensing; scale; species richness; tropical forest.
INTRODUCTION
Ecologists face the complex task of identifying per-
tinent scales of variation of community structure, de-
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termining biological and environmental characteristics
of species–habitat relationships, and examining mech-
anisms that can relate processes at one scale to patterns
at another (Levin 1992). For example, vegetation struc-
ture influences habitat selection by birds (MacArthur
et al. 1962, Collins et al. 1982) and the importance of
microhabitat use and community structure is closely
allied to the development of competition and niche the-
ory (MacArthur and MacArthur 1961, Urban and Smith
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1989). However, the relationship between vegetation
structure and community structure is sometimes hard
to detect (Willson 1974), varies among communities
(Pearson 1975), varies temporally (Pearson 1977, Karr
and Freemark 1983), or exists in tandem with physical
factors acting on physiological limitations (Karr and
Freemark 1983). Relationships between avian com-
munity structure and vegetation can also depend upon
the scale of observation employed by the investigator
(Rotenberry and Wiens 1980, Wiens et al. 1987). Per-
haps more importantly, the influence of regional (Van
Dorp and Opdam 1987, Pearson 1993) and historical
(Karr 1982, Askins and Philbrick 1987) processes
sometimes overshadows local processes in influencing
assemblage structure (Ricklefs 1987). Fragmentation
of habitat across a region can, for example, affect local
assemblage structure through differing effects on func-
tional groups (Robinson et al. 1992), by creating per-
sistent non-equilibrium conditions (Tilman et al. 1994,
Loehle and Li 1996), and by promoting population in-
stability (Karr 1990, Boulinier et al. 1998). The de-
pendence of species–habitat relationships on historical
effects, local vegetation structure, and landscape char-
acteristics suggests that processes operate simulta-
neously at different scales to influence community
composition. It therefore challenges simplistic niche
theory based on species–habitat relationships.
This paper addresses how the scale of environmental
variation affects habitat–species relationships by ex-
amining the composition and species richness of a rain
forest understory avifauna on the one hand and, on the
other, physical environment, vegetation structure, and
forest landscape. I develop and test predictive, statis-
tical models of habitat–avian diversity relationships
and I identify feeding characteristics of species that
influence the relationship of habitat to both species
composition and species richness. The paper system-
atically examines these relationships at different levels
of spatial resolution, using species composition and
richness in several avian foraging guilds (Root 1967).
Thus, I quantify the scale (MacArthur and Levins 1964,
Wiens 1989) at which variation in species occurrence
among guilds is associated with variation in the struc-
ture of rain forest vegetation. Differences among guilds
in the scale of these relationships would suggest dif-
ferences in the mechanisms that influence patterns of
habitat choice and co-occurrence.
To address the scale of habitat–species relationships,
I take advantage of both the large number of tropical
avian guilds and the number of species within them.
Addressing scale relationships at the level of species
richness within guilds is an advantageous and feasible
approach when most species within a community are
typically rare (Karr et al. 1990), making population-
level analyses ineffective. Notably, recognition of
shared ecological characteristics can reveal important
insights on avian community structure (Terborgh and
Robinson 1986), in part because habitat selection by
species and among-site variation in composition and
species richness are two sides of the same coin. At a
local scale, collective patterns of habitat choice deter-
mine composition, species richness, and diversity
(MacArthur et al. 1966, Ricklefs 1987).
Tropical understory avian communities present an
excellent system for investigating the differential sen-
sitivity of species to habitat variation at different
scales. Avian community composition and species rich-
ness in tropical lowland forests vary among treefall
gaps (Schemske and Brokaw 1981), and at local (Ter-
borgh 1985, Terborgh et al. 1990), regional (Orians
1969, Pearson 1982), and continental scales (Karr et
al. 1990, Thiollay 1990). Birds of the forest understory
select habitat based on gross differences in vegetation
structure (MacArthur et al. 1962, Terborgh 1985) and
subtle environmental and structural variation within
primary forest (Karr and Freemark 1983). Species in
some guilds, especially foliage-gleaning and ant-fol-
lowing insectivores, are sensitive to the isolation of
forest fragments (Bierregaard and Lovejoy 1989, New-
mark 1991) and to gradients of human impact (Johns
1988, 1991, Canaday 1996). Nonetheless, no studies
have explicitly investigated how tropical forest under-
story bird communities are associated with natural or
anthropogenic habitat variation at differing spatial
scales. The loss of Amazonian forest to settlement, ag-
riculture, and ranching (Skole and Tucker 1993), and
the effect that tropical deforestation has on avian di-
versity in both tropical and temperate communities
(Robbins et al. 1989, Pimm et al. 1995), suggest the
importance of considering spatial scale when surveying
avian diversity for conservation planning and moni-
toring for adaptive management.
Finally, although numerous studies of tropical avi-
fauna have been conducted across gradients of anthro-
pogenic disturbance or fragmentation (Bierregaard and
Lovejoy 1989, Johns 1991, 1993, Newmark 1991, Can-
aday 1996) partitioning community variation to iden-
tify portions explainable by spatial patterns and gra-
dients in forest habitat is uncommon (Legendre 1993).
Field studies of tropical bird assemblages often use
sampling programs conducted within a small area (Ter-
borgh 1985), and neighboring sites are generally more
similar than widely separated ones. Spatial autocor-
relation in environment can produce spurious corre-
lations between community characteristics and envi-
ronmental–biotic factors across landscapes (Legendre
1993). Additional spatial patterns may exist beyond
those readily associated with known environmental
gradients and, therefore, may go undetected (Legendre
and Fortin 1989). I address spatial aspects of habitat–
avian community relationships in a tropical forest by
partitioning variation in avian communities into a com-
ponent related to spatially structured habitat variability
and into other components not related to spatial struc-
ture in the environment (Legendre and Legendre 1998).
By employing guilds and an explicit spatial analysis,
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FIG. 1. Jatun Sacha Preserve and vicinity in Ecuador. Land cover classification is based on the Landsat image from 14
July 1992. Red points represent the location of 23 sampling sites used in the analysis. Black points represent the location
of eight sampling sites used for comparative purposes. The river to the south is the Arajuno. Note the increasing amount of
primary forest in the vicinity of the more southern sites.
I identify the scales at which species–habitat relation-
ships are inconsistent with a scheme of community
structure based on shared ecological characteristics and
local interactions.
METHODS
Study area
Fieldwork was conducted between October 1993 and
April 1995 at the Jatun Sacha Biological Station and
reserve in the Upper Amazon Basin in Ecuador (450
m elevation, 18039 S, 778359 W). The reserve lies ;25
km east of the base of the Andes. The area consists of
‘‘Tropical Wet Forest’’ (Holdridge 1967) characteristic
of the Andes–Amazon transition zone between ‘‘Lower
Premontane Forest’’ and the more seasonal ‘‘Tropical
Moist Forest’’ typical of most of the Amazon Basin.
The Jatun Sacha site receives annual precipitation of
;3.5 m (D. Neill, unpublished data). The area was
historically covered by primary forest and scattered
areas of indigenous habitation. The present landscape
at Jatun Sacha consists of intermixed natural and an-
thropogenic habitats, but few discrete patches of rem-
nant forest (Fig. 1).
I distinguished three levels of forest disturbance in
establishing study sites. (1) Habitat was considered un-
disturbed primary forest if no evidence of forest cutting
(stumps, cut logs, lowered canopy) was observed. This
was confirmed by interviewing local informants (both
Latino and indigenous Quijos Quichua) who were fa-
miliar with the area. The presence of pottery shards on
some hillsides suggests some (unknown) level of pre-
historic anthropogenic disturbance. Small landslides,
variation in average tree basal area, and a relatively
high rate of tree replacement (Phillips and Gentry
1994) suggest, however, that primary forest included
areas with a variety of disturbance histories and on-
going natural disturbance regimes. (2) Areas were con-
sidered secondary forest when there was little apparent
development of subcanopy structure, relatively low
canopy (10–20 m), or when clear evidence of selective
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TABLE 1. Stratification of study sites at the Jatun Sacha field station, Napo Province, Ecuador.
Physiogeography
Forest type
Primary Secondary Orchard Total
Floodplain
Plateau
Southern hills
1
4 (2)
8 (4)
3
3
2 (1)
0 (1)
1
1
4 (1)
8 (2)
11 (5)
Total 13 (6) 6 (1) 1 (1) 23 (8)
Notes: The distribution for the 23 original (and eight supplementary) sites is shown. Three
supplementary sites lie in the next river drainage to the south of the Napo River.
logging activities was present. (3) Orchards were areas
of active or successional coffee or cacao plantations.
Post hoc measurement of tree basal areas at each study
site confirmed that these qualitative designations rep-
resented unambiguous differences in the amount of
standing live wood among sites, and reflected substan-
tially different forest structure (Pearman 1997). Ad-
ditionally, I recognized three physiographic regions:
(1) the Napo River floodplain, extending to ;1 km
south from the river; (2) a central area of rolling pla-
teau, also ;1 km wide; and (3) steeply dissected hills
and gullies with first- and second-order streams, oc-
cupying the remaining 4 km to the next river south of
the Napo (Fig. 1).
Site establishment
I stratified the location of study sites by forest type
and physiographic zone to cover the existing environ-
mental variation (Table 1). Beginning in November
1993, 23 study sites (square 0.5-ha plots) were estab-
lished for local vegetation sampling, measurement of
physical parameters, and as sites for mist nets. Because
much of the southern part of the study area was too
topographically rugged to accommodate 0.5-ha plots,
I was forced to choose sites based on an additional
feasibility criterion. The distribution of sites reflects
the fact that a greater proportion of primary forest lies
in the southern part of the reserve (Fig. 1). Nearest
neighbor distance varied from 140 m to 825 m. An
additional eight sites were established later, between
February 1994 and January 1995. These sites were des-
ignated a priori to produce an independent data set to
which statistical models could be extended, and were
sampled identically to the others except as noted. Test
site establishment was also limited by feasibility, so
exact duplication of habitat type representation be-
tween study sites and test sites was impossible (Table
1). Nearest neighbor distance for these eight sites var-
ied from 90 m to 1030 m.
Avian sampling
Mist netting has been recommended over other meth-
ods for sampling tropical understory avifauna (Karr
1981, Ralph et al. 1995). Both point counts and mist
netting have detectable capture biases (Rappole et al.
1998, Silkey et al. 1999). Mist nets are known to be
biased against canopy species (Terborgh and Weske
1969) and can be less efficient than point counts in
terms of observations per worker-hour (e.g., Terborgh
et al. 1990, Whitman et al. 1997). However, mist net-
ting has the three distinct advantages over point counts
in (1) being less susceptible to observer bias; (2) en-
abling the identification of individuals, recaptures, and
movement among sites; and (3) allowing much more
certainty in identification of cryptic congeneric species
(Ralph et al. 1995). For these reasons, standard-effort
mist netting was used to sample understory birds. I
assume that because all study sites were in forest and
had substantial undergrowth, habitat-specific capture
rates among guilds (cf. Remsen and Good 1996) do
not vary in such a way to alter the validity of the results.
Additional consideration in data analysis further re-
duced this possibility.
Understory birds were sampled at the 23 sites using
five linearly contiguous, 12-m mist nets (2.5 3 12 m
3 36 mm mesh) in each plot, open from the hours of
0600 to 1700. Heavy rain resulted in negligible capture
rates. To minimize variation in sampling effort among
sites, nets were closed during heavy rains, but sampling
at each study site was extended as necessary to accu-
mulate 22 h of trapping during good weather. An effort
was made to conduct sampling extensions during com-
parable times of day, and sampling during midday was
never used as a substitute for a ‘‘rained out’’ morning.
Sites were sampled in random order. After the first
sampling bout, another was conducted using the same
net locations; the data from both bouts were pooled.
This probably obscured seasonal differences that might
exist among sites, but I assume that this did not affect
interpretation of patterns in the pooled data. This re-
sulted in a total sampling effort of 220 mist-net-h per
site and 5060 mist-net-h overall. During the first sam-
pling bout, 8 February–22 June 1994, the left-most tail
feather was clipped in order to identify subsequent re-
captures at the same study site. All birds during the
second bout, 7 August 1994–17 December 1994, were
banded with individually numbered leg bands, except
hummingbirds (which again received a tail feather
clip). The second set of eight sites was sampled once,
for a total of 110 mist-net-h per site, 31 January–19
February 1995. This period corresponded roughly to
the same time of year that the first sampling period
February 2002 23SCALE AND FOREST BIRD GUILDS
was begun. On two occasions, army ants invaded sites
during sampling. Data from these dates were not an-
alyzed and the sites were resampled at least one month
later, immediately after the last scheduled site.
Guild definitions
Guilds are groups of species that are likely to interact
competitively because of their use of similar resources
in similar ways (Root 1967). Environments (or study
sites) with many guild members meet both the species’
minimal requirements for selection of usable habitat
and provide them with sufficient habitat complexity for
niche separation. As such, the relationship of environ-
mental variation to species richness within a guild is
a description of the degree to which environments can
support biological diversity through joint coexistence
within a particular functional group. In order to con-
struct such a description, all species were assigned to
guilds following Karr et al. (1990). Guild membership,
in their scheme, is based on three characteristics: (1)
the principal vegetation stratum where a species feeds,
i.e., canopy, c (a complex interconnected layer of tree
tops 25–35 m above the forest floor); understory or
subcanopy, u (a relatively open, multilayer stratum
$3–20 m); shrub layer, s (from just above the ground
to a height of 3 m); ground, g; (2) the kind of food,
i.e., small insects (si), large insects and small verte-
brates (li), fruit and seeds (fr), nectar (ni), grass seeds
(se), or omnivorous (so), etc.; and (3) the principal
foraging mode and substratum of the species, i.e.,
gleaning live foliage or fruits (f), probing dead foliage
(d), ground foraging (g), sallying or ‘‘air’’ foraging (a),
scouring branches or trunks or ‘‘creeping’’ (b), twig
hopping (t), and ant following (r). Clearly, finer sub-
division could provide greater homogeneity within
guilds. Nonetheless, I began with species assignments
‘‘off the shelf’’ because this classification is largely
successful in describing substantial ecological differ-
ences among groups of species, is generally indepen-
dent of the phenomena (and explanatory variables) that
I wished to study, and is likely to facilitate comparison
with other studies. In assigning species to trophic
guilds, one does not suppose the absence of additional
ecological differences, such as differences in habitat
use (e.g., MacArthur and MacArthur 1961, Terborgh
and Robinson 1986). Finer subdivision would have de-
creased the number of species in each guild, compli-
cating analyses based on species richness, for example,
and decreasing the utility of guild assignment (Ter-
borgh and Robinson 1986). I use these guild definitions
as a tool for exploring variation in the scale of habitat
selection; I do not suppose them to be a complete or
perfect description of ecological and behavioral vari-
ation among groups of species.
I did, nonetheless, modify guild designations to ac-
count for errors in assignment of species to guilds in
Karr et al. (1990), differences in opinion, and discrep-
ancies among published sources of information on
guild membership (Appendix A). In addition, a guild
of 28 species that share the characteristic of partici-
pating in mixed-flock foraging was constructed, based
on diverse sources in the literature. These species came
from 11 different ‘‘Karr’’ guilds (Appendix A). In pre-
liminary analyses, I examined the effect of omission
of species from the guild of mixed-flock participants
by analyzing species derived from only one of the sev-
eral sources. The patterns described here were robust
to such reductions, probably because most species oc-
cur infrequently in the data set and contribute only a
small amount to the overall pattern. I excluded all spe-
cies in canopy guilds from all analyses to reduce the
sampling error of shrub-level mist nets and habitat-
specific sampling bias that could result from canopy
height variation (Remsen and Good 1996).
Environmental data
Several variables were evaluated at each study site
to provide a quantitative characterization of the forest
environment for use in linear regression and ordination
analyses. I expected bird community structure to vary
with vegetation structure and physical conditions at the
capture sites, so I used several measures describing
variation in these characteristics. I also developed a set
of landscape variables to describe forest habitat het-
erogeneity at various distances surrounding each study
site.
Physical environment and local vegetation struc-
ture.—Within each 0.5-ha plot, the dbh of each tree
.10 cm at 1.3 m was measured and recorded. The
number of trees .10 cm dbh in each plot was recorded.
A composite measure, total tree basal area (AREA) per
0.5 ha, was calculated for each study site by summing
the basal areas of measured trees. A relative measure
of vegetation density in the forest shrub layer (SHRUB)
was made by placing a 2 m long, 1.3 cm diameter rod
vertically and counting the number of times the rod
was touched by live vegetation. Rods were placed at
5-m intervals, along six parallel transects, one perpen-
dicular transect, and the line of mist nets randomly 2
m to the left or right. Together, these sampling points
constituted a stratified-random sample of 88 locations.
I obtained an averaged measure of percent canopy cov-
er for each study site by taking 11 readings with a
spherical densiometer (Forest Densiometert, type A)
at equally spaced locations along each of five 50-m
parallel transects (CANOPY; Fig. 2).
Both anthropogenic disturbance regime and naturally
occurring environmental heterogeneity influence forest
temperature and humidity (Lovejoy et al. 1986), with
which avian population and community parameters
might vary. It was impossible to take simultaneous
measurements of temperature and humidity at all study
sites because of the distance between the sites. I as-
signed sites randomly to one of three blocks for hu-
midity and one of five blocks for temperature mea-
surement. HUMIDITY was measured using a sling psy-
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FIG. 2. Study site schematic. Sites were square and mea-
sured 70 m on a side. V indicates transects along which veg-
etation density was measured; C indicates transects along
which canopy cover was measured. The positions of two For-
est Imbeddedness Measures, FIM (see Methods, Environ-
mental data for explanation), relative to the study site are
shown. Tree diameters and canopy cover were measured with-
in the study site limits. Mist nets were located at the center
of the sites and sampled birds from the general vicinity of
the site.
chrometer at all sites in a block within a 2-h period
(1200–1400) on a clear, sunny day. This was then re-
peated once for all blocks. Maximum temperature
(TMAX) was measured at all sites within a block over
a period of three consecutive days of clear, sunny
weather, using covered max–min thermometers hung
in the shade. Block effects for both humidity and tem-
perature were then removed using ANOVA, and the
residuals were used for further analysis. The data on
these five variables showed little evidence of correla-
tion in a previous analysis (Pearman 1997).
Landscape variation in forest cover.—I used differ-
entially corrected data from a hand-held GPS receiver
(Geographic Positioning System, GeoExplorer, Trimble
Navigation, Ltd., Sunnyvale, California, USA) to lo-
cate the position of the center of each study site to
within 5 m. I then used Landsat Thematic Mapper (TM)
satellite imagery to provide an estimate of forest cover
over the entire study area (Sandler et al. 1997). A cloud-
free image was not available for anytime during the
study period (1994–1995), so a 100 3 100 km subscene
of Path 9, Row 60 from 14 July 1992 was obtained
from EOSAT Corporation. (Landsat Thematic Mapper
data are now curated by the EROS Data Center, U.S.
Geological Survey, Sioux Falls, South Dakota, USA.).
A 10 3 10 km window corresponding to the study area
was taken from this image and referenced to the UTM
(Universal Transverse Mercator) projection (Zone 18,
South America, 1956 Datum) using eight ground con-
trol points identified on the Puerto Mishaualli topo-
graphic map (Instituto Geogra´fico Militar, Ecuador, 1:
50 000). Because deforestation outside Jatun Sacha was
already extensive by 1992, differences in forest cover
between the image date and the study period were mi-
nor (personal observation).
A simple scheme (Sandler et al. 1997) was used for
image classification: water, bare soil (including gravel
and pasture grass to ;10 cm height), agriculture (in-
cluding tall pasture grass), secondary forest, and pri-
mary forest (Fig. 1). Classification was consistent with
ground observation except for infrequent misclassifi-
cation of primary forest as secondary along some ridge
tops and some misclassification of primary forest as
water. These errors did not merit systematic, postclas-
sification correction. Use of primary forest cover alone
was suggested by the strong negative correlation (Pear-
son product-moment) between primary and secondary
forest cover (50–200 m from site centers, rP 5 20.83,
n 5 23, P . 0.001). This also reduced the potential
for colinearity among explanatory variables. The grain
size used to evaluate forest cover was one pixel (28.5
3 28.5 m), the unit of land cover classification.
The classified satellite image was used to calculate
two measures of primary forest cover surrounding sites:
forest imbeddedness measures (FIMs) and forest cover
in a set of concentric ‘‘tori.’’ FIMs express the degree
to which each study site was surrounded by primary
forest at different measurement scales. Each succes-
sively larger FIM was defined by a circle with a longer
radius (Fig. 2). The radii used were 35 m, 50 m, 100–
800 m at 100-m intervals, 1000 m, and 2000 m. FIMs
were used primarily in simple regression analysis of
species richness to examine effects of measurement
scale on the relationship between forest cover and spe-
cies richness. Forest cover around each site was also
calculated for the set of tori (singular, torus) whose
inner and outer boundaries were defined by succes-
sively larger radii (i.e., primary forest cover between
35 m and 50 m from site center, between 50 m and 100
m, 100 m to 200 m, etc.) to a distance of 2000 m.
Values for forest cover in the 12 tori were subjected
to variable reduction with principal components anal-
ysis.
Statistical analysis
Correlation analysis was used to examine the cor-
relation structure among the values for primary forest
cover in the 12 successively larger tori. Because forest
cover was highly correlated among tori, I submitted
the 12 tori variables to principal components analysis
(PCA) for variable reduction in order to produce a
smaller set of synthetic variables. These had the ad-
vantage of being uncorrelated with each other. I then
used two of these variables as descriptors of forest
cover, and along with the five variables describing the
local site environment, performed canonical corre-
spondence analysis (CCA) and redundancy analysis
(RDA) to describe the relationship between species oc-
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currence and environmental variation. These ordination
techniques assumed that species abundances were ei-
ther unimodally (CCA) or linearly (RDA) distributed
along environmental gradients and incorporated an it-
erative reciprocal-averaging algorithm to maximize the
dispersion of species scores, while restricting site
scores to linear combinations of environmental vari-
ables. A clear and detailed presentation of these three
multivariate techniques and their statistical properties
is available (Jongman et al. 1995). CCA has previously
proven productive in describing the relationship be-
tween avian community structure and environmental
variability (Carey et al. 1995, Gregory and Gaston
2000).
I used CCA and RDA to describe overall patterns in
the species data set, not to measure the contribution of
each variable and decide its statistical significance.
This latter procedure would have required forward
stepwise hypothesis testing and might have produced
unwanted, spuriously significant results when applied
to a data set with a small ratio of number of obser-
vations to number of variables. Nonetheless, I tested
each ordination for overall significance in CANOCO
(ter Braak and Smilauer 1998) using a Monte Carlo
permutation test with 500 randomizations.
The data were further summarized for each guild by
calculating the average score of species along the first
two ordination axes. Species presence data were used
in all ordinations on the assumption that less error and
among-guild bias existed in determining species pres-
ence than in determining absolute or relative abun-
dance. The use of presence data was appropriate be-
cause estimates of relative abundance with mist net data
can be influenced by habitat type and vegetation struc-
ture (Remsen and Good 1996). The position of each
guild along the ordination axes indicated where along
the gradients in ‘‘environmental variation space’’ the
species in each guild tended to occur, averaged over
all species in the guild.
Regression analysis of species richness within guilds
was used to examine additional differences among
guilds in the relationship of species occurrence to the
environmental variability described by AREA, TMAX,
SHRUB, HUMIDITY, CANOPY, and two principal
components of forest cover surrounding the sites. By
analyzing species richness–environment relationships,
I identified which variables were correlated with, and
potentially causally related to, co-occurrence of guild
members in space and time. Variables that demonstrate
significant regression relationships with species rich-
ness covary with environmental variation of ecological
and evolutionary importance, and are related to the
ecological distributions of guild members (Abrams
1983). Analysis of species richness within guilds also
allowed me to address the response of groups of species
with shared ecological characteristics, even when most
species in most guilds were uncommon. Although a
number of additional analysis strategies were possible,
I did not analyze environment–species occurrence data
for each species separately because of the infrequent
occurrence of many species and the reduction in power
that occurs with simultaneous statistical tests. Type III
sums of squares were used in determining the signif-
icance of each environmental variable in the regression
model. Although conservative, this avoided the mul-
tiple testing that would occur in stepwise regression. I
analyzed square-root transformed species richness to
normalize regression residuals.
I tested for an effect of variation in the number of
captures between sites by calculating rarefied species
richness (James and Rathbun 1981). I used the maxi-
mum sample size for which a rarefied sample was cal-
culable for all study sites and I compared the estimates
to the actual values using correlation analysis. I was
interested in the variation in numbers of species among
sites, not in the number of species per number of in-
dividuals observed (James and Rathbun 1981). Linear
models were implemented using Proc GLM in SAS
(SAS Institute 1988).
To account for patterns of spatial autocorrelation, a
simple consequence of sampling within any con-
strained geographical area, I constructed a second-de-
gree polynomial surface model using the centered geo-
graphical coordinates of sites as independent variables
(Legendre and Fortin 1989, Borcard et al. 1992, Le-
gendre 1993). Identification of a polynomial surface
model provided two opportunities. The first-order
terms allowed identification of major gradients in pri-
mary forest cover and physical environmental variation
over the entire study area. The inclusion of higher order
terms then modeled spatial autocorrelation in forest
cover and environmental variables that spanned only
part of the study area, or that assumed a nonlinear form.
When autocorrelation was removed through use of
polynomial terms as covariates, the remaining spatially
unstructured variation permitted an estimate of the spe-
cies–environment relationship in the absence of these
patterns of environmental autocorrelation.
I analyzed all 96 species’ occurrence in CCA with
the seven environmental variables, and then separately
in CCA with the five polynomial terms. I then used the
polynomial terms as covariates in partial CCA (Le-
gendre and Legendre 1998:769). I used a similar pro-
cedure in separate linear regression analyses of species
richness in each guild. I chose variables separately for
each guild for partial regression analyses. This choice
was based on significant type III sums of squares in
separate regressions of species richness on both the
environmental variables and on the five polynomial
terms (Legendre and Legendre 1998:532). Selection of
variables using type III sums of squares was necessary
to avoid inflated coefficients of determination that
would have resulted with the inclusion of nonsignifi-
cant independent variables. Species variation in both
CCA of occurrence and in regression analysis of spe-
cies richness was partitioned into four components: (A)
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FIG. 3. Species accumulation curve for sampling at 23
field sites over the duration of the study. Each sampling hour
represents five mist-net-hours.
FIG. 4. Species occurrence distribution for 96 avian spe-
cies of tropical forest understory at the 23 sites used in or-
dination and regression analysis. Most species were observed
at a small number of sampling sites; relatively few species
were widely distributed. The widely distributed species (no.
sites) were Glyphorynchus spirurus (20), Mionectes oleaginea
(19), Pipra coronata (19), P. erythrocephala (16), Phaethor-
nis superciliosus (22), and Threnetes leucurus (17).
that resulting from environmental variation without
spatial structuring; (B) that resulting from spatially
structured environmental variation; (C) that portion of
variation in each response variable that was spatially
structured but unrelated to the environmental variables
examined in this study; and (D) error variation.
One way to examine the predictive potential and ro-
bustness of empirical models is to subject the rela-
tionships to independent data. I applied regression
models using primary forest cover within FIMs to spe-
cies richness data from eight additional sampling sites.
A number of factors contribute to the possibility of
finding no relationships that approximate those iden-
tified with the original data set, including: potential
seasonal variation in species composition, differences
in environment between the two sets of sites, the lower
sampling intensity of the second set of sites, and the
short duration of the sampling period in general. The
use of this data set probably made the test conservative
for these reasons. On the other hand, the choice of test
sites within the general vicinity of the training sites
contributed to the probability that the models demon-
strate predictive value. The small number of sites in
the test data set suggested that the presence of only a
few significant relationships could be entirely due to
chance.
RESULTS
The species data set (Appendix B) holds a total of
96 species in 25 understory-, shrub-, and ground-for-
aging guilds (2 species/guild, median; 3.84 6 0.7 spe-
cies/guild, mean 6 1 SE; range 1–16 species/guild).
The modal number of species per guild is also the min-
imum for guild observation, one species per guild (nine
guilds). Eight guilds have five or more species. The
analysis focuses on these eight relatively speciose
guilds. Guilds vary widely in the mean number of sites
at which member species are registered (4.4 6 0.59
sites, mean 6 1 SE; range 1–10.5 sites), but there is no
evidence that this is correlated with guild size (rS 5
0.23, P 5 0.26, n 5 25). The curve of species accu-
mulation during the study (Fig. 3) indicates that a sub-
stantial percentage of the understory avian community
had been netted by the end of the study. Nonetheless,
many species are infrequently netted and .40% are
registered at only one or two sites (Fig. 4). No major
stochastic disturbances (tree fall, army ant invasion)
are known to have affected the study sites during the
collection of the data analyzed here.
Reduction of tori variables
The first principal component (FOREST 1) extracts
80% of the variation in forest cover inherent in the 12
tori and the second principal component extracts an
additional 13% (Appendix C). Inspection of the eigen-
vectors indicates that variation in primary forest cover
between 100 m and 2000 m dominates the first PCA
axis. Site scores on this axis are a measure of the degree
to which a site is surrounded by primary forest. The
second principal component (FOREST 2) is most close-
ly associated with variation in primary forest cover
between the study site center and a distance of 200 m.
Sites with high scores on PCA 2 had a high percentage
of primary forest cover near the site center. I chose to
use site scores on the first two principal components
as a summary of variation in primary forest cover
around each of the 23 study sites.
Rarefaction of species richness
The use of raw species richness and rarefied species
richness produces a similar ranking of the study sites.
Considering all species not in canopy guilds, the largest
sample size for which species richness was estimable
for all sites is ;10 individuals. Rarefied species rich-
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FIG. 5. Biplot of Canonical Correspondence Analyses
(CCA) of species presence/absence data. FOREST 1 and
FOREST 2 are the first two principal components of forest
cover (see Appendix C); primary forest cover a substantial
distance from the site center is expressed by FOREST 1;
variation in primary forest cover near rather than far from
the site is expressed by FOREST 2; AREA is a measure of
the basal area of trees within the study plots; HUMIDITY
and TMAX are residuals for relative humidity and maximum
daily temperature, respectively; and CANOPY and SHRUB
are measures of vegetation density above 3 m and below 2
m, respectively. Guild abbreviations are: u-li-d, subcanopy
dead-leaf probers; s-si-f, shrub-layer foliage gleaners; s-fr-f,
shrub-layer frugivores; s-li-r, shrub-layer ant followers;
s-ni-f, shrub-layer nectarivores; s-li-f, shrub-layer birds tak-
ing large insects from foliage; mxdflk, mixed-flock partici-
pants; u-si-f, subcanopy insectivores; and s-so-f, shrub-layer
omnivores. For each variable, biplot arrows show the direc-
tion of most rapid change within the ordination space. (a)
Guild location represents the average location across species.
FOREST 1 shows a more direct relationship to species var-
iation along the first CCA axis than forest cover nearer the
sites (FOREST 2), AREA, or CANOPY. (b) Scores for each
site are plotted on the first two canonical axes.
ness is correlated with actual species richness (rS 5
0.76, P , 0.001, n 5 23). Two floodplain sites in dis-
turbed forest produce relatively few captures. Omission
of these two sites allows estimation of species richness
for a sample size of 25 individuals. This results in a
higher correlation between observed and rarefied spe-
cies richness (rS 5 0.83, P , 0.001, n 5 21). None-
theless, I include data from the two sites in the analysis
because they represent environmental conditions char-
acteristic of disturbed forest in the northern portion of
the study area, in frequently flooded forest. In prelim-
inary analysis, their omission does not affect the overall
conclusions of the study. Similar results are obtained
when rarefied species richness is calculated for all spe-
cies in shrub-layer guilds.
Avian community ordination
General patterns.—CCA scores and RDA site scores
are highly correlated (rS 5 20.97, P 5 0.001) and I
present only results from CCA. Forest cover and local
environmental variables vary in the strength of their
relationships to the first and second axes of the CCA
ordination. The first principal component of primary
forest cover, FOREST 1, and total tree basal area within
plots, AREA, are both strongly associated with nega-
tive scores on the first ordination axis (Fig. 5a). The
first ordination axis is highly significant (Monte Carlo
permutation test, 500 runs, P 5 0.002) and explains
12.3% of the variation in the species occurrence data.
The second canonical axis is primarily associated with
variation in canopy cover and, to a lesser degree, with
forest cover within 200 m of study site centers. To-
gether, the first three canonical axes explain 23.1% of
the species occurrence data. Examination of the biplot
site scores along the CCA axes (Fig. 5b) indicates that
sites 12, 13, 14, 17, 18, 19, and 20 have relatively
strong primary forest ‘‘character,’’ being both sur-
rounded by relatively large areas of primary forest and
having large values of tree basal area.
Guilds differ in their average CCA first-axis score,
shown by average first CCA axis rank (Fig. 5a, Table
2). Species with negative scores on the first canonical
axis tend to be found in sites situated in and surrounded
by primary forest, and with large values for cumulative
basal areas of trees within the study plots. Dead-foliage
probers show a strong preference for sites with sur-
rounding primary forest. Hummingbirds, frugivores,
and ant followers (guilds s-ni-f, s-fr-f, and s-li-r, re-
spectively) show less preference for such sites than do
shrub-layer foliage gleaners, understory foliage glean-
ers, shrub-layer omnivores, and species that probe dead
foliage in the understory (s-si-f, u-si-f, s-so-f, and u-
li-d, respectively). Birds that pick large insects from
foliage in the shrub layer (guild s-li-f) are intermediate
and not significantly different from the other guilds
(Table 2).
Species exhibit no significant correlation between
their preference for forest imbedded sites (CCA first-
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TABLE 2. Ordered lists of guilds, by average rank along Canonical Correspondence Analysis
(CCA) first axis.
CCA
Average
rank Guild† Group‡
Partial CCA
Average
rank§ Guild† Group‡
21.7
38.14
40.36
43.81
53.9
u-li-d
s-so-f
u-si-f
s-si-f
s-li-f
A
A
A
A
AB
31
31.9
45.8
46.4
54.5
s-so-f
u-li-d
u-si-f
s-si-f
s-li-f
A
A
A
A
A
61.83
63.79
70.45
s-li-r
s-fr-f
s-ni-f
B
B
B
57.0
60.2
67.8
s-ni-f
s-fr-f
s-li-r
A
A
A
Note: Ranks are from CCA with all environmental variables and forest cover components
from PCA.
† Guild descriptions: u-li-d, picks dead foliage in understory for large insects; s-so-f, picks
small fruit and insects from foliage in shrub layer; u-si-f, picks foliage in understory for small
insects; s-si-f, picks foliage in shrub layer for small insects; s-li-f, picks foliage in shrub layer
for large insects; s-li-r, follows ants, catching large insects in the shrub layer; s-fr-f, eats fruit
picked from foliage in the shrub layer; and s-ni-f, eats nectar and insects collected from flowers
and foliage in shrub layer (See Appendices A and B for species).
‡ Guilds with the same group designation do not differ significantly in average rank at the
a 5 0.05 level, based on Wilcoxon rank sum tests between pairs of guilds.
§ Partial CCA ranks result from CCA in which spatial gradients in environment and forest
cover are removed using polynomial terms from a surface trend analysis of site coordinates.
axis rank) and the number of sites at which they are
found (rS 5 0.11, P 5 0.27, n 5 96). However, species
ranked closer to the median first CCA axis rank tended
to occur in more sites than did species with relatively
low or high ranks (rS 5 0.50, P , 0.001, n 5 96).
Surface trend analyses.—Gradients in forest cover
and environmental variation across the study area are
factors influencing species–environment relationships.
Use of a second-order polynomial expansion of the
study sites’ centered and rotated geographical coordi-
nates (x, y, x2, y2, xy) produces a significant CCA or-
dination of the 96 species (Monte Carlo permutation
test, 500 runs, P 5 0.004; see Appendix D for species
scores). Subsequent use of the polynomial terms as
covariates of the environmental and forest cover var-
iables (Borcard et al. 1992) produces a nonsignificant
ordination (Monte Carlo permutation test, P . 0.4) in
which guilds do not differ in their ranks along the first
ordination axis (Table 2). Similar results are obtained
when environmental and forest cover components are
used as covariates of the polynomial terms. Spatial
structure in the environmental and forest cover vari-
ables (partition ‘‘b’’ of Borcard et al. 1992; Table 3)
accounts for ;9.2% of the variation in the species oc-
currence data. Of the species variation that is explained
by all measured environmental variation, ;24% is re-
lated to the partition of environmental variation that is
spatially structured (100 B/(A 1 B); Table 3; see Bor-
card et al. 1992). Spatial structure in the environmental
and forest cover variables accounts for almost one-third
of all spatial structure in the avian species (B/(B 1 C);
Table 3). I observe a positive correlation (rS 5 0.45, n
5 96, P , 0.001) when comparing (1) first-axis species
scores obtained from environmental and forest cover
variables with (2) the scores obtained when spatial
structure in the environment is ‘‘partialed out’’ using
the polynomial of spatial coordinates. Partialling out
spatial gradients causes only minor changes in the order
of guilds along the first CCA axis (Table 2).
Univariate analyses: species richness within guilds
General patterns.—Regression of species richness
against environmental and forest cover variables in-
dicates that guilds differ in the relationship between
principal components of forest cover, local environ-
ment, and species richness (Appendix E). Species rich-
ness in the various guilds shows significant linear re-
lationships to three of five environmental variables and
to both FOREST 1 and FOREST 2. I omit two envi-
ronmental variables, humidity and shrub-layer vege-
tation density, from the analysis because both show no
significant linear relationship with any response vari-
able (type III sums of squares). In two cases, this causes
nearly significant relationships to become barely sig-
nificant (a 5 0.05, Appendix E).
Guilds differ in the strength of the relationship be-
tween species richness and variables describing envi-
ronmental variation and forest cover. Species richness
is significantly related to the first principal component
of primary forest cover values for the following guilds:
shrub-layer omnivores (s-so-f; P , 0.05), probers of
dead leaves in the subcanopy (u-li-d; P , 0.001),
shrub-layer foliage gleaners (s-si-f; P , 0.01), and
birds in the mixed-flock guild (P , 0.01). These re-
lationships of species richness with the first component
of forest cover (FOREST 1) indicate that species in
these guilds generally prefer primary forest. There is
no evidence that species richness in these guilds strong-
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TABLE 3. Canonical Correspondence Analysis: five ordinations of 96 avian species at 23 study sites in the Ecuadorian
Amazon, showing cumulative explained variance in species data.
Source
Axes
1 2 3 4 Variance†
Environmental variables and forest
cover‡
0.395/12.3% 0.180/17.9% 0.169/23.1% 0.150/27.8% 38.6% (A 1 B)
Polynomial terms: x, y, x2, y2, xy§ 0.365/11.4% 0.199/17.5% 0.158/22.5% 0.139/26.8% 30.2% (B 1 C)
Environmental and forest cover vari-
ables, with polynomial terms as
covariates
0.209/9.3% 0.162/16.5% 0.149/23.1% 0.124/28.6% 29.4% (A)
Polynomial terms with environmen-
tal and forest cover variables as
covariates
0.199/10.1% 0.177/19.0% 0.121/25.2% 0.092/29.8% 21.0% (C)
Both polynomial terms and environ-
mental terms as variables
0.412/12.8% 0.232/20.0 0.199/26.2% 0.182/31.9% 59.6% (A 1 B 1 C)
Total inertia in all CCA ordinations 5 3.218
B 5 (A 1 B) 2 A or (B 1 C) 2 C 5 9.2%
D 5 100 2 A 2 B 2 C 5 40.4%
Notes: Partitions of variation are A, species occurrence variation explained by spatially unstructured variation in environ-
mental and forest cover variables; B, species occurrence variation explained by spatially structured variation in environmental
and forest cover variables; C, spatially structured variation in species occurrence not related to the studied variables; and D,
unexplained variation in species occurrence (error).
† The percentage of total variance in species scores explained by source. Variation due to all canonical eigenvalues is
divided by total ‘‘inertia’’ (total variance).
‡ For an explanation of environmental and forest cover variables, see Methods, Environmental data.
§ Polynomial terms constitute the equivalent of a multivariate fitted surface trend.
ly depends upon environmental factors, as measured
here, at sites that are largely within primary forest. The
positive linear relationship between species richness of
probers of dead leaves (u-li-d) and the second principal
component of forest cover (P , 0.01) indicates that
forest cover near the site is relatively more important
to species richness than is forest cover farther away
(Appendix E).
The species richness of ant followers (s-li-r) depends
on the percentage of land cover in primary forest within
hundreds of meters of the mist nets, as shown by the
positive regression coefficient of species richness with
the first component of forest cover (P , 0.001; Ap-
pendix E). In contrast to patterns in the species richness
of omnivores, foliage gleaners in the shrub layer, prob-
ers of dead leaves in the subcanopy, and mixed-flock
participants (s-so-f, s-si-f, u-li-d, and mxdflk), the spe-
cies richness of ant followers is additionally related to
variation in environmental characteristics at the study
sites. More species of ant followers are observed in
sites with greater canopy cover (P , 0.001), lower
maximum temperatures (P , 0.01), and less total tree
basal area (P , 0.01).
Some guilds show no evidence of a relationship be-
tween species richness and forest cover. Shrub-layer
frugivores, larger insectivores, and some subcanopy fo-
liage gleaners (s-fr-f, s-li-f, and u-si-f, respectively) are
notable for having species richness variation with no
significant relationship to any variables measured in
this study (P . 0.05). Similarly, the species richness
of shrub-layer hummingbirds is not significantly relat-
ed to variation in forest cover, but shows some evidence
for a relationship between species richness and physical
variation among capture sites (temperature (P , 0.05);
Appendix E).
Analysis of species richness–environment relation-
ships is also possible for guilds based only on the forest
stratum at which the member species forage. These
broader groupings include additional species in guilds
that held too few species to be analyzed separately. At
this coarser level of analysis, species richness in all
three groups (ground, shrub, and understory feeders)
is positively related to the first component of forest
cover around capture sites (P , 0.01). The species
richness of all birds feeding in the shrub layer is neg-
atively related to temperature and positively to canopy
cover, a pattern only exhibited by ant followers col-
lectively (Appendix E). The species richness of all spe-
cies not belonging to canopy guilds (96 species) is
linearly related to forest cover surrounding capture
sites (P , 0.001).
Scale of measurement.—Variation in FIM size rep-
resents different measurement scales for determining
forest cover surrounding sites. Inspection reveals that
guilds vary in the strength of the relationship between
species richness and the percentage of primary forest
cover in increasingly larger FIMs (Fig. 6). For all
guilds, the values of the partial regression coefficients
are positive where a significant regression exists. For
example, omnivores, s-so-f, are an ecologically and
taxonomically variable group that includes several
thrushes (Catharus ustulatus, C. minimus, Turdus al-
bicollis, and T. ignobilis), the Blue-black Grosbeak
(Cyanocompsa cyanoides), a manakin (Neopipo cin-
namomea), and a flycatcher (Mionectes oleaginea).
These species tend to be captured in primary forest
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FIG. 6. Coefficients of determination (r2) for avian guilds
from simple regression analyses of species richness on per-
cent cover of primary forest, as functions of the radius within
which percent cover of primary forest was determined. The
ordinate in the regressions (not shown) is species richness
within guild. All guilds (no. species in parentheses) are active
in the shrub layer, unless noted otherwise. Determinations of
percent cover of primary forest were made within radii of 35
m, 50 m, 100 m, every 200 m from 200 m to 1000 m, and
at 2000 m; these constitute the sizes of FIMs. The presence
of symbols indicates that the regression was significant at or
below P 5 0.05; otherwise, symbols are absent. The positions
of curve peaks along the x-axis show variation among guilds
in the distance within which the linear relationship between
the guild’s species richness and primary forest cover best
explains variation in the ordinate.
sites and their species richness ( joint occurrence) is
related to land cover within a short distance from cap-
ture sites (Fig. 6a). Similarly, species richness within
the guild of understory (subcanopy) birds that glean
large insects from dead foliage (u-li-d) shows a stronger
linear trend with the percentage primary forest in FIMs
of 50–200 m than in larger FIMs (Fig. 6b). At the other
extreme, the species richness of ant followers, shrub-
level foliage gleaners, and species participating in
mixed flocks (s-li-r, s-si-f, and mxdflk, respectively)
are related to forest cover within a much larger radius
(Figs. 6a, b, 7). Finally, the species richness–forest
cover relationships of the guilds of subcanopy birds
eating small insects, frugivores, nectarivores, and fo-
liage gleaners preferring large insects are not statisti-
cally significant at any distance (Fig. 6a, b), despite
some differences in r2 values among these guilds.
Coarser division of guilds by forest stratum indicates
that species richness is most closely related to forest
cover within FIMs having radii of 200–500 m (Fig.
6c).
Spatial structure.—Surface trend analysis indicates
that a significant spatial pattern exists for species rich-
ness in three of eight modified Karr et al. (1990) guilds
(ant followers, shrub-layer foliage gleaners, and prob-
ers of dead leaves in understory; P , 0.01); species
participating in mixed flocks (P , 0.05), and guilds
based on feeding stratum (ground, P , 0.01; shrub and
understory, P , 0.05). Significant first-order terms
(Appendix E) indicate gradients in species richness
across the entire collection of 23 capture sites. The
polynomial terms that explain spatial variation in spe-
cies richness differ among guilds, but the surfaces show
increasing species richness along the x-axis (Appendix
E). This indicates a shared increasing trend in species
richness from the northern more disturbed, less-for-
ested portion of the study area (low x-axis values) to
the less disturbed southern portion (Fig. 1). A char-
acteristic of the polynomial surfaces for three guilds
(ant followers, dead-leaf probers, and mixed-flock par-
ticipants) is the significant presence of additional linear
and higher order polynomial terms, indicating addi-
tional spatial structure in species richness among net-
ting sites.
Guilds differ in how variation in species richness
partitions into spatially structured (auto-correlated) en-
vironmental variation and environmental variation
without detectable spatial structure (Table 4). Spatially
structured environmental variation (Partition ‘‘B’’) ex-
plains little or none of the variation in species richness
in omnivores and hummingbirds (s-so-f and s-ni-f) be-
cause no spatial trends in species richness were de-
tectable. In contrast, spatially structured environmental
variation explains nearly 50% of species richness var-
iation in shrub-layer foliage gleaners (s-si-f), over one-
third of the species richness variation in dead-leaf prob-
ers (u-li-d), and nearly one-fourth for ant followers (s-
li-r; Table 4).
Application of regression models
At the additional eight capture sites, 43 species are
listed in mist net captures. Of these species, only two
are in canopy guilds and are excluded from further
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FIG. 7. Relationship between species richness in selected guilds and forest cover. For each guild, forest cover is presented
for the distance at which the relationship between species richness and primary forest cover demonstrates maximal r2. Numerals
indicate the number of superimposed observations. Data from 23 study sites are presented.
regression analysis. Some other guilds that are ob-
served in the larger data set are either absent (s-li-f)
or only observed infrequently (e.g., u-li-d, u-si-f) at
any of these sites. I present the results on these guilds
for completeness, but the regressions are based on too
few occupied sites to be meaningful. Nonetheless, in
guilds that were represented at $50% of the test sites,
I observe patterns that are similar to those observed in
the original data set of 23 sites.
Ant followers and participants in mixed-species
flocks exhibit their highest coefficient of determination
near the predicted FIM size (r2 5 0.79 at 600 m, P 5
0.003; and r2 5 0.80 at 200 m, respectively; compare
Fig. 6). Shrub-layer foliage gleaners (s-si-f) show a
maximum coefficient of determination that, while only
approaching significance, is also near the predicted
maximum (r2 5 0.41 at 200 m, P , 0.1). The maximum
coefficient of determination of the omnivores (s-so-f,
r2 5 0.42) using the test data set occurs at a FIM of
;550 m (Appendix F) and, while only approaching
statistical significance (P 5 0.08), is of similar mag-
nitude to the coefficient of determination of the 23
training sites at this distance (Fig. 6). I did not expect
to find a relationship between forest cover and species
richness of hummingbirds at the eight test sites, and
none was observed.
When species are grouped by forest stratum, two out
of three groups produce patterns similar to those ob-
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TABLE 4. Spatial and environmental components of variation in species richness (calculated from r2) within guilds of
Amazonian understory birds (see Methods, Guild definitions for definitions).
Type of
variation†
Percentage variation in species richness, by guild, explained by components of variation
Ant
followers
s-li-r
Shrub-layer
foliage
gleaners
s-si-f
Understory
probers of
dead leaves
u-li-d
Mixed-flock
participants
mixflk
All spp.
feeding on
ground
All spp.
feeding in
shrub layer
All spp.
feeding in
understory
All spp. not
in canopy
guilds
A
B
C
D
53.35
23.31
16.60
6.74
14.28
46.85
0.03
38.84
23.74
34.22
2.32
39.72
18.40
30.10
6.90
33.60
12.72
40.39
4.90
41.99
34.55
28.86
2.85
33.74
25.96
26.39
14.72
32.93
25.95
33.09
6.52
34.54
Notes: Species richness was square-root transformed before regression analysis and fitting of polynomial terms. The spatial
model was computed from the second-order polynomial model, retaining only significant terms.
† A, environmental variation unrelated to polynomial model; B, spatially structured environmental variation explained by
polynomial model; C, variation in species richness explained by polynomial terms but unrelated to measured environmental
variables; and D, unexplained variation (error).
served in data from the 23 original sites. The species
richness of ground-feeding species exhibits a linear re-
lationship with percent primary forest cover within 500
m of the eight capture sites (r2 5 0.50, P 5 0.05;
Appendix F), 300 m larger than the value registered
for the 23 original sites (Fig. 6). Shrub-layer species
show a maximum relationship between species richness
and forest cover at 600 m (r2 5 0.63, P 5 0.02), a FIM
radius 200 m larger than that observed using the orig-
inal 23 sites. When all noncanopy species are analyzed
together as a group, the fit is good (r2 5 0.75 at a FIM
of 500 m, P 5 0.005; Fig. 6, Appendix F), with a
maximum falling at a FIM ;200 m larger than pre-
dicted.
Two groups display patterns in the test data set that
are divergent from those observed in the original data
set. Although no forest cover–species richness rela-
tionship was observed in shrub-layer frugivores (s-fr-
f) at the original 23 sites, the relationship is maximally
significant at a FIM radius of 200 m in data from the
eight test sites (Appendix F). Finally, the pooled group
of six subcanopy species at the eight test sites, in con-
trast to the predicted pattern (Fig. 6), shows no evi-
dence of a species richness–forest cover relationship.
DISCUSSION
Many species in tropical bird communities of pri-
mary moist and wet forests are infrequently observed
and are patchily distributed (MacArthur et al. 1966,
Karr 1977, Thiollay 1988, Terborgh et al. 1990). Al-
most half of the species in this study are observed at
only one or two sites, suggesting low population den-
sity. Nonetheless, it is unlikely that there is a large pool
of species that are susceptible to capture yet remain
undetected (Fig. 3). These and other data indicate a
general predominance of rare species in tropical avian
assemblages (Orians 1969, Terborgh et al. 1990). The
use of mist nets excludes many large species, including
canopy frugivores and raptors, for which rarity is ex-
pected (Terborgh et al. 1990). The forest understory
species sampled here are not primarily specific to other
unsampled habitats, the primary cause of rarity in other
studies (Karr 1977, Terborgh et al. 1990). Thus, the
use of these species occurrence data to study patterns
of habitat selection and species richness probably re-
sults in patterns that are representative of diversity pat-
terns in the larger guilds (.4 species) encountered here,
within the scope of sampling undertaken in this study.
The correlation between species richness and rarefied
species richness suggests that the results are reasonably
robust to variation among sites in numbers of captured
individuals.
Spatial scale and community structure
Earlier studies show that species in some avian
guilds are sensitive to forest disturbance, including
some ant-following birds (Bierregaard 1990, Stouffer
and Bierregaard 1995a, Bierregaard and Stouffer 1997)
and many foliage-gleaning insectivores (Johns 1991,
Newmark 1991, Stouffer and Bierregaard 1995a, Can-
aday 1996). One descriptor of local vegetation, foliage
diversity, is sometimes related to species diversity of
tropical avian assemblages (MacArthur et al. 1962, Or-
ians 1969, Pearson 1975), and this relationship sup-
ports the importance of local processes for community
structure, as originally developed in competition and
niche theory. Similarly, the data presented here, which
do not distinguish different forms of habitat use (for-
aging, travel, mating display, etc.), suggest that vari-
ation in species richness in some guilds (e.g., ant fol-
lowers, hummingbirds) is related to variation among
study sites in physical characteristics and vegetation
within only a few meters from the mist nets.
Species may differ as to whether they are more
strongly influenced by local environmental variation or
by habitat variability at the landscape level (Pearson
1993), and the effects of the distribution of habitat
types can vary among functional groups (Robinson et
al. 1992). In my data, a correlation between local veg-
etation characteristics and species richness is present
in some guilds and not in others. In contrast, species
richness in some guilds depends (statistically) more
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closely on primary forest cover within hundreds of me-
ters of capture sites than on the local environment or
vegetation (Appendix E; Fig. 6), indicating an asso-
ciation between bird diversity and large-scale variation
in vegetation. Some authors have noted that local veg-
etation characteristics are sometimes inadequate to ex-
plain variation in avian species richness among forest
sites (Terborgh and Weske 1969, Willson 1974, Van
Dorp and Opdam 1987), and that isolation and habitat
extent can produce unexpected vegetation structure–
diversity relationships (Daniels et al. 1992). The dis-
tribution of vegetation over the landscape influences
avian community composition in other studies (Askins
et al. 1987, Balent and Courtiade 1992, Lescourret and
Genard 1994). My data and the results of these previous
studies suggest that conventional niche theory, in
which mechanisms act simply through local trophic
interactions (Hutchinson 1957, MacArthur and Mac-
Arthur 1961, Urban and Smith 1989), is inadequate to
explain patterns of diversity in all tropical forest avian
guilds. Together, these results underscore the impor-
tance of understanding how the scale (Levin 1992) of
species’ ecological interactions varies among guilds to
influence species co-occurrence and species richness.
Potential influences on avian species
richness patterns
The results suggest the following hypothesis: mech-
anisms that tie community composition and species
richness to environmental variation fall into two
groups. First, mechanisms that affect tropical bird com-
munities may be related to the conditions within a very
short distance of where birds are active, potentially
influencing the degree of competition that they expe-
rience, or imposing physiological limitations (niche
limits). For example, competitive interactions among
co-occurring species may limit species richness at any
single observation point (MacArthur et al. 1962, Pear-
son 1975), although they may potentially increase beta-
diversity among sampling points (Graves and Gotelli
1993). Alternatively, mechanisms could involve some-
thing other than the birds themselves, could act upon
them, and could be related to forest cover over a large
area. Examples of this type of mechanism include both
fragmentation leading to decreased colonization rates
(Stouffer and Bierregaard 1995a, Walters et al. 1999)
and broad-scale patterns of predation across land-
scapes, influencing species interactions and co-occur-
rence (Thiollay 1999). Although rigorous tests of
mechanism are impossible without experimental ma-
nipulations, my results on the relationships between
species richness and environmental variation suggest
which guilds are primarily influenced by which class
of mechanism at Jatun Sacha.
The relationship of large-scale variation in forest cov-
er to the species richness of shrub-layer insectivores (s-
si-f), ant followers (s-li-r), and mixed-flock participants
(mxdflk) suggests that species in these guilds are cur-
rently influenced by landscape patterns of forest cover
over a wide area. Many insectivores in the shrub layer
(s-si-f) give wide berth to disturbed or logged areas and
do not cross forest gaps (e.g., Canaday 1996). Such be-
haviors, when expressed by most species in the guild,
would be sufficient to generate the relatively close re-
lationship between species richness and primary forest
cover within 600 m of the capture sites (Fig. 6). Species
in this guild may also be sensitive to habitat variation
at smaller measurement scales than a 0.5-ha study site,
as when insectivorous species differ in microhabitat us-
age (e.g., preference of some species for vine tangles;
Stotz et al. 1996). Nonetheless, such associations are
evidently not strong enough to obscure larger scale re-
lationships of species richness with forest cover.
Birds in guilds that demonstrate significant relation-
ships with forest cover within a large radius may be
expected to have relatively large territories. The study
by Terborgh et al. (1990) of territory size of species at
a lowland site in Peru provides data on some of the
species that I found in Ecuador. Among insectivores
feeding from foliage in the shrub layer (s-si-f), Lep-
topogon amaurocephalus has a territory of ;3 ha. Hy-
pocnemis cantator, Myrmotherula hauxwelli, and Myr-
moborus myotherinus all have territories on the order
of 4 ha. Playtrinchus coronatus and Myrmotherula lon-
gipennis both have 5-ha territories. Hylophylax naevia,
on the other hand, has territories of ;15 ha. Ant fol-
lowers, in contrast, may have rather large territories,
perhaps because of the need to monitor several different
ant colonies nearly simultaneously (M. Swartz, per-
sonal communication). Dendrocincla fuliginosa and
Phlegopsis nigromaculata have 13-ha and 14-ha ter-
ritories, respectively. Rhegmatorhina melanosticta and
Myrmeciza fortus have territories .25 ha and .50 ha,
respectively. Three species that probe dead leaves in
the subcanopy, Automolus infuscatus, Hyloctistes sub-
ulatus, and Philydor ruficaudatus, each have territories
of ;12 ha, but this group exhibits a weak relationship
between species richness and forest cover at large dis-
tances, relative to some other guilds. In the spotty data
on territory size for species in these guilds, no trend
appears between territory size and the FIM size at which
the regression of species richness on forest cover is
strongest. Furthermore, there is no relationship between
territory size and the average species scores along the
first CCA ordination axis (analyses not presented).
A lack of a relationship between the territory size of
guild members, FIM size, and species richness suggests
that species in guilds with differing average territory
size are equally likely to be sensitive to forest cover
evaluated at certain scales. However, variation among
regions in the sizes of territories used by species (Karr
et al. 1990) potentially limits the validity of comparing
territory data and species richness patterns drawn from
distinct regions. Data on territory size for additional
species in the guilds studied here, from the same region
for which landscape patterns of species richness are
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known, could help to clarify the relationship between
landscape-level trends in species richness and the av-
erage territory size of guild members. For example,
consider a hypothetical guild of birds that are sensitive
to the presence of nonprimary forest and for which
average territory size varies from region to region. In
regions where the birds have smaller territories, vari-
ation in species richness could conceivably be related
to forest cover at a smaller measurement scale (e.g., a
smaller FIM) than in regions where the species have
larger territories; i.e., in the region where the territories
are small, the amount of nonprimary forest a great dis-
tance from a sampling point may not influence the pres-
ence of members of the guild at the sampling point.
The significant relationship of the species richness of
ant followers with maximum temperature suggests that
physiological factors related to environmental condi-
tions at sampling sites are important to species richness
and, by association, habitat use by these species (Karr
and Freemark 1983). These birds may choose where they
are active based on their own physiological limitations.
Alternatively, a number of ant followers avoid gaps and
open areas that incidentally have high temperatures and
lower humidity; avoidance of high-temperature areas
could be correlated with avoidance of some other prox-
imate factor. Sites near some types of secondary forest
or pasture may be unfavorable for observing these spe-
cies because they are unlikely to cross such areas (Stouf-
fer and Bierregaard 1995a). A third possibility is that
ant-following birds may simply choose areas where ants
are active. Army ants are particularly sensitive to low
humidity and high temperatures (Schneirla et al. 1954)
and this may generate correlations between physical fac-
tors and ant bird activity, independent of physiological
limitation on the birds themselves, but still determined
on a very local scale. The scale of measurement of tem-
perature and canopy cover in this study suggests a scale
on the order of 35 m. Multiple mechanisms may operate
to influence habitat use by ant-following birds, as sug-
gested by the statistical relationship of both local en-
vironmental factors and primary forest cover to the spe-
cies richness of ant followers.
Nectarivores show no significant relationship be-
tween species richness and primary forest cover (Ap-
pendix E; Fig. 6). The capture of 11 species, six of
which were found in $50% of the capture sites, make
this one of the best represented guilds in the data set.
This result suggests that local conditions (e.g., tem-
perature, or food resources not measured in this study)
contribute more to determining the number of locally
coexisting hummingbirds than do large-scale patterns
in primary forest cover, at least at the present level of
deforestation. These species demonstrate little sensi-
tivity to variation in forest cover as measured by guild-
level patterns here. Similar results are found in central
Amazonia (Stouffer and Bierregaard 1995b). Floristic
composition may sometimes be more important to avi-
an community structure than vegetation structure (Ber-
sier and Meyer 1994). Further, energetic considerations
and foraging strategies play important roles in orga-
nizing community structure of nectarivorous birds
(Feinsinger 1976). In the present study, hummingbirds
prefer areas with relatively less primary forest cover,
with associated differences in both structure and plant
species composition. Secondary forest at Jatun Sacha
frequently has flowering Heliconia, which attracts
many hummingbirds.
Physical and biotic variation in tropical forest influ-
ences habitat use by birds in the forest understory, with
the potential to affect the fit of statistical models such
as those developed here. Physical factors (such as mois-
ture) and food resources (such as insects and fruits) vary
both within and among years (Karr and Freemark 1985,
Karr and Brawn 1990). These authors note that physical
and environmental variability may have different effects
on the activity of birds in particular guilds. In this study,
replication of sampling at different times of year and
the randomization of the order in which sites were sam-
pled served to distribute unmeasured variation randomly
among sites, probably with a resulting increase in error
variation. In addition, yearly variation in moisture and
food resources could affect the fit of statistical models
to data from any given year, especially in years with
little precipitation. Furthermore, the inclusion of data on
food resources near mist nets might well improve the
fit of models for species richness in some guilds. For
example, arthropod abundance can be closely associated
with the activity of ground-feeding species and might
explain additional variation in species richness or abun-
dance (Karr and Brawn 1990).
Comparison of the empirical relationships between
species richness in guilds and forest cover with the
results of other studies on the response of avian guild
composition in tropical forest to human disturbance
reveals both similarities and differences between this
and other studies. Understory insectivores show de-
creased species richness in nearly all studies that have
investigated tropical avian communities in disturbed
habitat, fragmented habitat, and on habitat islands (e.g.,
Willis 1979, Karr 1982, Newmark 1991, Stouffer and
Bierregaard 1995a, Canaday 1996). Ground-feeding in-
sectivores may be particularly sensitive to habitat frag-
mentation and quickly become extinct in small forest
fragments and forest islands (Karr 1982, Stouffer and
Bierregaard 1995a). Although the small number of spe-
cies observed in this study precluded their analysis by
the methods used here, no ground-feeding insectivores
were captured in sites 1–4, 10, 11, 15, 16, or 23. These
sites have consistently high first-axis scores in CCA
relative to other sites (Fig. 5), further supporting the
idea that ground-feeding insectivores are, as a guild,
susceptible to local extinction in forest with anthro-
pogenic impacts. In contrast to Karr (1982) and con-
sistent with Stouffer and Bierregaard (1995b), hum-
mingbird species richness did not decrease with human
disturbance. However, in contrast with Stouffer and
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Bierregaard (1995b), the diversity of hummingbirds at
more disturbed sites did not appear to be enhanced by
canopy species entering nets (data not presented). The
variation in results among these studies suggests that
regional variation exists in the response of understory
hummingbird communities to tropical forest distur-
bance and fragmentation.
Linear species–habitat models and their application
Even though empirical studies of habitat relationships
of birds are common, and some empirical relationships
have been applied to independent data sets (e.g., Mac-
Arthur et al. 1962, Cody 1978, Temple 1986), the present
efforts constitute one of very few attempts to predict
diversity patterns in tropical avian communities. The
construction of predictive species–habitat models rep-
resents a serious scientific challenge to biologists (Tem-
ple and Wilcox 1986), especially considering the poten-
tial usefulness of these models to land managers and
policy makers for making fine-scale management de-
cisions (Laudenslayer 1986). In the test data set, several
guilds exhibit a linear relationship between species rich-
ness and forest cover. These relationships generally ex-
plain the most variation in species richness when pri-
mary forest cover is measured within a 200–600 m ra-
dius of the sampling sites. This general pattern among
several guilds suggests the hypothesis that species rich-
ness in a number of tropical wet-forest bird guilds can
be modeled statistically over a region of several square
kilometers. However, this is not to suggest that the spe-
cific empirical relationships observed here are likely to
hold for other areas of tropical forest.
The degree to which the modeling approach used
here can be extended to other tropical areas, to larger
areas, to other forest types, and to encompass the mag-
nitude of the effect of year-to-year variation on model
fit remains to be investigated. For example, the matrix
of secondary habitat surrounding primary forest may
be heterogeneous for bird communities and this may
influence habitat–species relationships in guilds with
edge species or species sensitive to secondary forest
composition (Stouffer and Bierregaard 1995a, Borges
and Stouffer 1999). Additional landscape variables
could describe differences in the nonforest matrix. Sec-
ondary forest at Jatun Sacha includes substantial areas
of Cecropia regrowth, which can be used, for example,
by ant-following birds and some other insectivores.
Results different from those here could obtain when
other tree species dominate areas of secondary forest.
Although I used a very small comparative data set,
the results suggest that, for some of the guilds studied
here (e.g., shrub-layer frugivores, s-fr-f), the additional
eight sites present variation, either in species richness
or in environment, that is not encompassed in the orig-
inal data set. Three of the sites in the test data set are
in a different watershed than the original 23 sites, and
this watershed has less human impact on forest struc-
ture. Variation in primary forest cover in this second
watershed probably originates from a different pattern
of land use. In particular, some sites are farther from
nonforested pastureland than are many of the original
23 sites, yet are closer to indigenous settlements. Some
of the sites experience hunting by natives. This can
impact species composition of nontarget birds in trop-
ical forests (Thiollay 1988). Patterns of land use, non-
forest matrix, hunting, and natural variation in forest
structure and guild composition may affect or limit the
degree to which predictive statistical models may be
successfully developed in additional regions. To be use-
ful, models need to represent the statistical and bio-
logical universes to which they are applied.
Human impact and tropical understory
bird assemblages
The results here may conflict with those of Whitman
et al. (1998), who found no evidence that anthropogenic
disturbance affects species richness in 26 tropical bird
guilds. In their study, human impact was limited to the
creation of small gaps during selective removal of in-
dividual trees; only 2% of the forest canopy in the
‘‘logged forest’’ was disturbed and there were no spa-
tial gradients in forest structure. Further, sites in their
study were sampled only one year after disturbance,
whereas patterns in disturbed tropical avian commu-
nities may develop over a period of years (Stouffer and
Bierregaard 1995a, b). In the present study, the forest
within 200 m of some sites consists of as little as 10%
primary forest, and substantial forest conversion oc-
curred 10 years or more before the study, a situation
representative of much of the study area (Fig. 1). This
degree of forest cover variation is much greater than
that in Whitman et al. (1998). Most variation in primary
forest cover is a result of human activity at Jatun Sacha,
not natural processes (treefalls) or similar small-scale
human impacts (small-scale selective logging). In con-
trast to Whitman et al. (1998), my data show a rela-
tionship between species richness in some guilds and
forest imbeddedness that suggests substantial anthro-
pogenic impact on the avian community in the re-
maining forest, at least at the levels of forest distur-
bance encountered in this study. Furthermore, contin-
ued habitat loss could produce further impacts on nu-
merous species. Clearly, the effects of anthropogenic
disturbance on bird communities can depend on the
intensity of disturbance at the study area. In the present
study, the prevalence of rare species (Fig. 4) suggests
that an extinction debt could affect a large proportion
of the community (Loehle and Li 1996), and the ac-
tivity of birds in different forest strata and species-
specific survival rates may also predict which species
are particularly vulnerable to effects of human distur-
bance (Karr 1982, 1990).
The large-scale spatial structure in environment
identified in this study results principally from forest
clearing and subsequent land use and, to a lesser extent,
the natural similarity between spatially proximate sites
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(Sandler et al. 1997). The spatially structured com-
ponent of variation in primary forest cover is itself
structured by landscape-level environmental variation.
Early in the forest conversion process, activities con-
centrate primarily along river channels in the Ec-
uadorian Amazon (Rudel 1993), and only later do an-
thropogenic impacts become associated with and ex-
acerbated by road development. This creates a gradient
of human impact that is heaviest in low riverine areas
and that decreases away from rivers with distance and,
by correlation, movement toward higher ground. Thus,
the gradient of human impact is likely to parallel nat-
urally occurring variation in vegetation that extends
perpendicular to Amazonian rivers and is known to
influence habitat use and species richness patterns in
birds (Terborgh 1985). Continued settlement and per-
manent conversion of forest to agriculture and pasture
make the anthropogenic gradient markedly different
from the gradient that results from natural processes.
Avian response to anthropogenic variation may or
may not involve the same factors as in previously un-
disturbed forest. The influence of anthropogenic activ-
ities on the relative importance of different causal mech-
anisms behind habitat use patterns is little explored. Fur-
ther study could elucidate how human activities influ-
ence the magnitude of preexisting, natural processes to
modify patterns of habitat use by birds. Anthropogenic
alteration of habitat probably accentuates certain pro-
cesses that occur in natural environments and, by mark-
edly altering patterns of species occurrence, may make
these processes easier to detect and study. Although spa-
tial patterns of habitat use and species richness are re-
lated to naturally occurring environmental variation in
some landscapes (Terborgh 1985), forest clearing by hu-
mans has a ‘‘sledge hammer’’ effect on these patterns.
Nonetheless, some ecological and behavioral mecha-
nisms involved in avian response to forest clearing may
generate patterns in natural or lightly affected landscapes
as well. In this study, natural and anthropogenic envi-
ronmental gradients are confounded. In general, the
large-scale experiments that would be needed to identify
the relative importance of mechanisms that influence
habitat use and species richness in anthropogenic land-
scapes will be rare. The results here suggest that studies
can identify the scale at which particular factors are
closely associated with habitat use and species richness,
and can identify ecologically significant differences in
the scale of species–environment relationships among
groups of ecologically related species. These differences
may point to mechanisms generating pattern and may
guide the scale at which future studies are conducted.
Differences in scale at which species–environment re-
lationships occur can be important for developing pre-
dictive models that may find ecological application.
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APPENDIX A
A table presenting avian guild assignments and species of note or confusion is available in ESA’s Electronic Data Archive:
Ecological Archives M72-001-A1.
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APPENDIX B
A table presenting avian species occurrences and environmental variables is available in ESA’s Electronic Data Archive:
Ecological Archives M72-001-A2.
APPENDIX C
A table presenting principal components analysis (PCA) of primary forest cover is available in ESA’s Electronic Data
Archive: Ecological Archives M72-001-A3.
APPENDIX D
A table presenting canonical correspondence analysis (CCA) scores for ordinations of avian guild species with environmental
variables and forest cover is available in ESA’s Electronic Data Archive: Ecological Archives M72-001-A4.
APPENDIX E
A table presenting regression coefficients for square-root transformed species richness within several guilds of Amazonian
understory birds is available in ESA’s Electronic Data Archive: Ecological Archives M72-001-A5.
APPENDIX F
A table presenting a regression of avian species richness on primary forest cover at eight test sites is available in ESA’s
Electronic Data Archive: Ecological Archives M72-001-A6.
